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I. INTRODUCTION 
Recent evidence on photosynthetic electron 
transport indicates the organization of electron 
carriers into 3 supramolecular intrinsic complexes: 
photosystem I (PSI); photosystem II (PSII); and 
the cytochrome b6-f complex [l]. The complexes 
are linked by mobile electron carriers, plasto- 
quinone and plastocyanin. Most higher plant chlo- 
roplasts also contain two different types of thyla- 
koid membranes: appressed membranes of the 
grana partitions: and stroma-exposed, non-ap- 
pressed thylakoids. It has been proposed that there 
is a lateral heterogeneity of two of the electron- 
transfer complexes among the different regions of 
the thylakoid membrane with PSI1 complex pri- 
marily located in appressed thylakoids and PSI 
complex mainly located in non-appressed stroma 
thylakoids [2-51. The chloroplast cytochrome b6-f 
complex has been reported to show a more even 
distribution along these two membrane regions 
]6,71. 
known as signal II [lo]. The cytochrome b6--f com- 
plex has been analyzed using the EPR signal of the 
reduced Rieske iron-sulfur center [ 111. Our results 
support the view that the PSI and PSI1 complexes 
are mainly spatially separated in different mem- 
brane regions, while the cytochrome complex is 
present in both appressed and non-appressed 
membranes. 
2. MATERIALS AND METHODS 
Spinach thylakoids were fragmented by passage 
through the Yeda press [3]. The 40 000 x g pellet 
was separated into right-side out vesicles (fraction 
T-2) and inside-out vesicles (fraction B-3) by aque- 
ous polymer two-phase partition [3,8]. Stroma 
thylakoids (fraction Y-100) were isolated from 
the 40 000 x g supernatant by centrifugation at 
100 000 x g [3]. All fractions were resuspended in 
50 mM Tricine-KOH buffer (pH 8.2) plus 20 mM 
NaCl at 3-4 mg chl./ml and were stored at 77 K 
prior to use. 
Previous studies on lateral heterogeneity have 
utilized optical characterization of electron trans- 
fer components [6-81 and SDS-PAGE analysis of 
chlorophyll-protein complexes [3]. Here, we have 
used a different method, EPR spectroscopy, to 
compare the distribution of electron-transfer com- 
ponents associated with the respective complexes 
in different membrane regions. The PSI complex 
has been analyzed on the basis of the photoin- 
duced P700 EPR free-radical signal and the iron- 
sulfur center A signal [9], while the PSI1 complex 
has been analyzed using the EPR component 
EPR measurements were recorded at liquid he- 
lium temperatures in a modified JEOL X-band 
spectrometer operating with 100 kHz field modu- 
lation 1121. Samples were thawed and incubated 
with 10 mM sodium ascorbate in the dark prior to 
re-freezing to 77 K. Appropriate instrument set- 
tings, described in the figure legends, were used for 
the detection of the EPR signals of the reduced 
Rieske iron-sulfur center and signal II in the 
dark-adapted samples. Photooxidized P700 and 
photoreduced iron-sulfur center A of the PSI 
complex were estimated from light-minus-dark 
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difference spectra recorded at 15 K with red light 
(Coming 4-96 filter) for 10 s [ 131. 
3. RESULTS AND DISCUSSION 
Spinach thylakoids were mechanically frag- 
mented by the Yeda press, and grana stacks and 
stroma thylakoids (Y-100) were separated by dif- 
ferential centrifugation. An appressed membrane 
fraction (B-3: primarily inside-out vesicles and 
known to be contaminated with 25% right-side-out 
vesicles. This fraction, derived mainly from grana 
partitions and is highly enriched in PSI1 activity 
[ 14-161, was separated from right-side-out vesicles 
(T-2) by aqueous polymer phase partition. Frac- 
tion T-2 has been found to be slightly enriched in 
PSI compared to unfractionated thylakoid mem- 
branes [S]. We have examined these fractions for 
electron carriers associated with PSI and PSI1 com- 
_ 
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Fig.1. P700 content of appressed and non-appressed thy- 
lakoid membranes estimated from light-minus-dark 
spectra. Membrane fragments were incubated with 
10 mM ascorbate prior to freezing. Chlorophyll concen- 
trations of the fractions were: T-2, 4.25 mg/ml; B-3, 
4.86 mg/ml; and Y-100, 3.41 mg/ml. All EPR spectra 
were recorded in the dark at 15 K with the same ampli- 
fier gain and the following instrument settings: field, 
3280 * 50 G; microwave power, 0.02 mW; modulation 
amplitude, 2.5 G. Samples were then illuminated for 
10 s at 15 K with red light. P700 was estimated from the 
light-minus-dark EPR spectrum on the basis of the 
Fig.2. Signal II content of appressed and non-appressed 
thylakoid membranes. Membrane fragments and EPR 
conditions were the same as in tig.1. All spectra are re- 
corded at the same amplifier gain at the chlorophyll 
concentrations given in fig.1. Signal II content was esti- 
mated from the EPR signal recorded in dark-adapted 
samples. To avoid possible contributions from other 
free-radical signals in the g = 2.0 region, the estimation 
was based on the amplitude of the low-field peak of 
amplitude of the g = 2.0026 signal. signal II. 
plexes and the cytochrome h-f complex using 
low-temperature EPR techniques. 
Fig.1 shows light-minus-dark EPR spectra of 
P700+ (g-value of 2.0026) a marker for the PSI 
complex, recorded for the respective fractions de- 
scribed above. Fractions Y-100 and T-2 have sub- 
stantial amounts of P700 while fraction B-3 is de- 
pleted in this carrier. Corresponding measure- 
ments of the amount of photoreduced iron-sulfur 
center A (spectra not shown but see table 1) show 
the same distribution as found for P700 among the 
various fractions. 
As a marker for the PSI1 complex we have ex- 
amined the distribution of signal II (g-value of 
2.0046). Although the exact role of this component 
in electron transfer reactions is not fully under- 
stood, recent evidence suggests that it functions as 
an electron donor on the oxidizing side of PSI1 
[ 10,171. The distribution of signal II among the 
fractions (fig.2) shows a marked decrease in frac- 
tion Y-100 and an enrichment in fraction B-3 as 
compared with fraction T-2. Some slight dif- 
ferences in the EPR spectra of signal II in fraction 
T-2 and B-3 can be noted, and this may be related 
FRACTION E-3 
FRACTION Y-100 
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g=1.89 
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Fig.3. Rieske iron-sulfur center content of appressed 
and non-appressed thylakoid membranes. Membrane 
fragments were as in fig.1. All spectra were recorded at 
the same amplifier gain at the chlorophyll concentra- 
tions given in fig.1. EPR spectra were recorded with the 
following instrument settings: field, 3400 % 250 G; 
microwave power, 5 mW; modulation amplitude, 12 G. 
The Rieske iron-sulfur center was estimated on the 
basis of the amplitude of the g = 1.89 signal. 
to the alternate forms noted in unfractionated 
membranes [ 181. 
The distribution of the cytochrome 66-f com- 
plex was analyzed using the EPR signal of the re- 
duced Rieske iron-sulfur center at g = 1.89. This 
electron transfer carrier has been shown to be pres- 
ent as a stoichiometric component of the cyto- 
chrome bg-fcomplex [ 19,201. The Rieske center is 
present in all 3 fractions at roughly comparable 
concentrations (fig.3). 
To compare the relative amounts of these elec- 
tron carriers, we have summarized their concentra- 
tions in table 1 and expressed these on a chlo- 
rophyll basis. In terms of the PSI complex, fraction 
B-3 has - 1/3rd as much P700 and iron-sulfur 
center A as fraction T-2 while fraction Y-100 
shows enrichment compared to fraction T-2. The 
relative P700 concentration in fraction Y-100 is 
3.3-times greater than that in fraction B-3 which is 
known to be contaminated with 25% of right-side- 
out vesicles derived from non-appressed mem- 
branes [ 15,161. Conversely, fraction Y-100 is defi- 
cient in the PSI1 complex as evidenced by a mark- 
ed decrease in signal II content, while fraction B-3 
is 2-fold enriched in the PSI1 complex. The relative 
amount of signal II in fraction B-3 is g-times great- 
er than that in fraction Y-100. While absolute con- 
centrations of electron carriers were not estimated, 
the relative P700/signal II ratios of fractions B-3 
and Y-100 are very different: the appressed mem- 
brane fraction has a ratio of 0.8 compared to 21 for 
the non-appressed fraction. The cytochrome be-f 
complex, based on the Rieske iron-sulfur center, 
Table 1 
EPR determination of electron transfer components in appressed and non- 
appressed thylakoid membranes (relative amplitude/mg chl.)a 
Fraction PSI complex PSI1 complex Cyt. be-f complex 
Iron-sulfur P700 signal II Rieske Fe-S center 
center A 
T-2 (right-side-out 
vesicles) 
B-3 (appressed 
thylakoids) 
Y-100 (non-appressed 
thylakoids) 
21.3 24.7 5.6 12.9 
8.1 9.7 12.1 9.2 
28.0 32.0 1.5 6.7 
a Relative EPR amplitudes of different components are not directly compar- 
able because of differing EPR conditions 
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shows a more even distribution among fractions B- 
3 and Y-100 with only a small difference in con- 
tent noted; thus the relative amount of the Rieske 
iron-sulfur center is only 1.4-times greater in frac- 
tion B-3 compared to fraction Y- 100. 
The EPR techniques we have used to analyze 
the electron transfer carriers in the respective in- 
trinsic protein complexes have provided results 
which are in essential agreement with those ob- 
tained by other techniques, such as optical deter- 
mination of P700 and cytochromes, and SDS- 
PAGE analysis of chlorophyll-protein complexes 
[3,6,7]. Our results do not agree with the report [2 l] 
of no heterogeneity of PSI and PSI1 complexes, as 
measured by P700 and Q concentrations in chlo- 
roplasts and inside-out vesicles (fraction B-3). One 
advantage of the present technique is that it is free 
from possible optical artifacts which may influence 
absorbance measurements of electron transfer car- 
riers. These findings provide an independent anal- 
ysis of the distribution of the electron-transport 
complexes. 
Our results support the concept that lateral 
heterogeneity exists among the chloroplast elec- 
tron-transfer complexes with the PSI complex 
being localized mainly in non-appressed mem- 
brane regions and the PSI1 complex localized 
mainly in appressed membrane regions. The 
cytochrome be-f complex, which contains the 
Rieske iron-sulfur center, is present in both mem- 
brane regions. 
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